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Panaeolus sphinctrinus, Panaeolus papilionaceus, and Coprinus friesii are described as producers of ligninolytic
enzymes. P. papilionaceus and P. sphinctrinus both produced a laccase. In addition, P. sphinctrinus produced a
manganese peroxidase. C. friesii secreted a laccase and two peroxidases similar to the peroxidase of Coprinus
cinereus. The purified laccases and peroxidases were characterized by broad substrate specificities, significant
enzyme activities at alkaline pH values, and remarkably high pH optima. The two peroxidases of C. friesii
remained active at pH 7.0 and 60°C for up to 60 min of incubation. The peroxidases were inhibited by sodium
azide and ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), whereas the laccases
were inhibited by sodium azide and N,N-diethyldithiocarbamic acid. As determined by native polyacrylamide
gel electrophoresis and isoelectric focusing, all three fungi produced laccase isoenzymes.

Laccases, peroxidases (including lignin peroxidases, manga-
nese peroxidases, and manganese-independent peroxidases),
and H,0,-generating oxidases are components of the lignin-
degrading enzyme system (13). So far, wood-rotting fungi, such
as white rot and soft rot fungi, are the only organisms known to
be capable of extensively degrading lignin (42). There has been
great interest in using fungal laccases and peroxidases for bio-
technological processes due to their chemical and catalytic
features (26, 37). Investigations of the use of wood-rotting
fungi and their ligninolytic enzymes in biopulping processes in
paper-making industries could lead to ways to reduce the
energy and chemical requirements of those processes. A
biobleaching process requires substantial enzyme activities at
an alkaline pH and a high temperature. In addition, several
other potential applications have been suggested for producers
of ligninolytic enzymes; these applications have been reviewed
by Heinzkill and Messner (16).

Laccases (EC 1.10.3.2; benzenediol:oxygen oxidoreductases)
are for the most part extracellular copper-containing glyco-
proteins with molecular weights between 60,000 and 80,000
(40). Lignin peroxidases (EC 1.11.1.14; diarylpropane:oxygen,
hydrogen peroxide oxidoreductases; molecular weights, 38,000
to 43,000) and manganese peroxidases [EC 1.11.1.13; Mn(II):
H,0, oxidoreductases; molecular weights, 43,000 to 49,000]
are glycoproteins containing one protoporphyrin IX as a pros-
thetic group (12). The reactions catalyzed by laccases and
peroxidases are very similar (17, 18, 20, 27). Both types of
enzymes oxidize phenolic compounds and aromatic amines via
one-electron oxidations, which creates radicals. Besides differ-
ences in the prosthetic groups, the laccases also differ from the
peroxidases by generally having a lower oxidation potential (6,
14). Many producers of laccase (e.g., Ceriporiopsis subvermi-
spora [34], Coriolus versicolor [29], and Panus tigrinus [25]) and
producers of lignin peroxidases and manganese peroxidases
(e.g., Phanerochaete chrysosporium [11] and Bjerkandera adusta
[31]) secrete isoenzymes which differ in stability and catalytic
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features (7). The extracellular peroxidases isolated from Cop-
rinus cinereus (28) and Arthromyces ramosus (22) differ from
lignin peroxidases and manganese peroxidases by having
broader substrate specificities and in the architecture of their
active sites.

We recently discovered that the three basidiomycetes Pan-
aeolus sphinctrinus, Panaeolus papilionaceus, and Coprinus
friesii produce laccases and peroxidases, and the purpose of
this study was to characterize these activities in more detail.

MATERIALS AND METHODS

Chemicals. Sojamin 50 T was obtained from Lucas Meyer (Hamburg, Ger-
many). 2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) and EGTA
were obtained from Sigma Chemical Co. (St. Louis, Mo.). 2,6-Dimethoxyphenol
(2,6-DMP) and N,N-diethyldithiocarbamic acid (ammonium salt) (DEDTC)
were purchased from Aldrich (Steinheim, Germany). All other chemicals were of
reagent grade and were obtained from Merck (Darmstadt, Germany).

Organisms, media, and cultivation conditions. Panaeolus sphinctrinus 82066
and Panaeolus papilionaceus CBS 630.95 were isolated from dung in France and
Germany, respectively, while Coprinus friesii CBS 629.95 was isolated from a
meadow in Denmark. The fungi were identified by using the methods of Moser
(30) and Singer (38) and had all of the characteristics of the genera and species
described previously (30, 38). All strains were positive for laccase activity when
they were cultivated without shaking on a medium containing (per liter) 30 g of
soy meal, 15 g of maltodextrin, and 5 g of Bacto Peptone (Difco Laboratories).
In addition, Coprinus friesii was positive for peroxidase activity. Stocks of the
strains were maintained on YMG agar (4 g of glucose per liter, 10 g of malt
extract per liter, 4 g of yeast extract per liter, and 15 g of agar per liter in water
adjusted to pH 5.5 before sterilization). Broth preparations used for purification
of laccases and peroxidases were obtained by growing Panaeolus sphinctrinus,
Panaeolus papilionaceus, and Coprinus friesii at 27°C in a Braun Biostat U
apparatus containing 20 liters of soy meal medium (30 g of soy meal per liter, 15 g
of maltose per liter, 15 g of Bacto Peptone per liter) and agitated at 120 to 150
rpm with aeration (4 liters/min). A 200-ml portion of a well-grown culture was
used for inoculation in each case.

Ultrafiltration. Fermentation broth preparations were initially centrifuged at
4°C for 20 min at 4,651 X g, and the resulting supernatants were filtered by using
a 0.16-wm-pore-size tangential flow membrane filter with a 994-kDa cutoff and a
Minisette ultrafiltration unit (Minisette omega series; Filtron, Karlstein, Germa-
ny). The filtrates were subsequently concentrated in the ultrafiltration unit by
using a membrane filter with a 10-kDa cutoff and stored at —70°C until further
purification. Before column chromatography the centrifuged, filtered, concen-
trated broth preparations were dialyzed against the equilibration buffer. Ultra-
filtration with Amicon cells equipped with either a 10-kDa cutoff membrane filter
or a 30-kDa cutoff membrane filter was used for buffer changes and concentra-
tion of pooled fractions.

Protein purification. All protein purification procedures were carried out by
using a BioLogic system (Bio-Rad, Hercules, Calif.) operated at 22°C. The
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columns and column materials used were Bio-Scale Q2 (Bio-Rad), Q-Sepharose
FF (Sigma), DEAE-Sepharose FF (Sigma), Superdex 75 (Pharmacia, Uppsala,
Sweden), and SP-Sepharose FF (Pharmacia). Purified Polyporus pinsitus laccase
was obtained from Novo Nordisk.

Purification of a laccase from Panaeolus sphinctrinus. Thirty milliliters of
centrifuged, filtered, concentrated, dialyzed Panaeolus sphinctrinus culture broth
was applied to a Q-Sepharose FF column (300 by 10 mm) equilibrated in 20 mM
Tris-HCI-50 mM NaCl (pH 7.2). The column was washed with equilibration
buffer until the absorbance at 280 nm reached the baseline level. Bound protein
was eluted with a 200-ml linear gradient consisting of 50 mM to 0.5 M NaCl in
20 mM Tris-HCI (pH 7.2). The flow rate was 2 ml/min, and 8-ml fractions were
collected and assayed for laccase activity. Laccase-containing fractions were
pooled and concentrated, and the buffer was changed before application to a
Bio-Scale Q2 column (52 by 7 mm) equilibrated in 20 mM Tris-HCI-50 mM
NaCl (pH 7.2). The column was washed with equilibration buffer until the
absorbance at 280 nm reached the baseline level. Bound protein was eluted with
a 40-ml linear gradient consisting of 50 to 500 mM NaCl in 20 mM Tris-HCI (pH
7.2). The flow rate was 2 ml/min, and 5-ml fractions were collected and assayed
for laccase activity. Laccase-containing fractions were pooled and concentrated,
glycerol was added to a final concentration of 20%, and the preparation was
stored at —70°C.

Purification of a manganese peroxidase from Panaeolus sphinctrinus. One
hundred milliliters of centrifuged, filtered, concentrated, dialyzed Panaeolus
sphinctrinus culture broth was applied to a DEAE-Sepharose FF column (67 by
50 mm) equilibrated in 20 mM piperazine (pH 6.0). The column was washed with
equilibration buffer until the absorbance at 280 nm reached the baseline level.
Bound protein was eluted stepwise with 200-ml aliquots of equilibration buffer
containing 50, 100, 200, 300, and 500 mM and 1 M NaCl. The flow rate was 6
ml/min, and 200-ml fractions were collected and assayed for manganese perox-
idase activity. Manganese peroxidase-containing fractions were pooled and con-
centrated, and the buffer was changed before application to an SP-Sepharose FF
column (100 by 26 mm) equilibrated in 20 mM sodium acetate-20 mM NaCl (pH
5.0). The column was washed with equilibration buffer until the absorbance at
280 nm reached the baseline level. Bound protein was eluted with a 400-ml linear
gradient consisting of 20 to 400 mM NaCl in 20 mM sodium acetate (pH 5.0).
The flow rate was 4 ml/min, and 8-ml fractions were collected and assayed for
manganese peroxidase activity. Manganese peroxidase-containing fractions were
pooled and concentrated, and the buffer was changed before application to a
Superdex 75 column (300 by 10 mm) equilibrated in 20 mM sodium acetate—400
mM NaCl (pH 5.0). The flow rate was 0.6 ml/min, and 0.5-ml fractions were
collected and assayed for manganese peroxidase activity. Manganese peroxidase-
containing fractions were pooled and concentrated, glycerol was added to a final
concentration of 20%, and the preparation was stored at —70°C.

Purification of a laccase from Panaeolus papilionaceus. Twenty milliliters of
centrifuged, filtered, concentrated, dialyzed Panaeolus papilionaceus culture
broth was applied to a Q-Sepharose FF column (82 by 24 mm) equilibrated in 20
mM Tris-HCI-50 mM NaCl (pH 7.2). The column was washed with equilibration
buffer until the absorbance at 280 nm reached the baseline level. Bound protein
was eluted stepwise with 100-ml portions of equilibration buffer containing 50,
100, 200, 300, and 500 mM and 1 M NaCl. The flow rate was 5 ml/min, and 50-ml
fractions were collected and assayed for laccase activity. The laccase eluted with
200 mM NaCl. The laccase-containing fraction was concentrated, and the buffer
was changed before application to a DEAE-Sepharose FF column (82 by 24 mm)
equilibrated in 20 mM Tris-HCI-50 mM NaCl (pH 7.2). The column was washed
with equilibration buffer until the absorbance at 280 nm reached the baseline
level. Bound protein was eluted with a 500-ml linear gradient consisting of 50
mM to 1 M NaCl in equilibration buffer. The flow rate was 2.5 ml/min, and 10-ml
fractions were collected and assayed for laccase activity. Laccase-containing
fractions were pooled and concentrated, glycerol was added to a final concen-
tration of 20%, and the preparation was stored at —70°C.

Purification of one laccase and two peroxidases from Coprinus friesii. Twenty
milliliters of centrifuged, filtered, concentrated, dialyzed Coprinus friesii culture
broth was applied to a Q-Sepharose FF column (300 by 10 mm) equilibrated in
20 mM Tris-HCI-50 mM NaCl (pH 7.2). The column was washed with equili-
bration buffer until the absorbance at 280 nm reached the baseline level. Bound
protein was eluted with a 75-ml linear gradient consisting of 50 to 400 mM NaCl,
followed by a 50-ml linear gradient consisting of 400 mM to 1 M NaCl in
equilibration buffer. The flow rate was 2 ml/min, and 4-ml fractions were col-
lected and assayed for laccase and peroxidase activities. The laccase eluted with
160 mM NaCl, while the peroxidase eluted with 180 mM NaCl. The laccase-
containing fraction was concentrated, and the buffer was changed before appli-
cation to a DEAE-Sepharose FF column (150 by 10 mm) equilibrated in 20 mM
Tris-HCI-50 mM NaCl (pH 7.2). The column was washed with equilibration
buffer until the absorbance at 280 nm reached the baseline level. Bound protein
was eluted with NaCl in equilibration buffer as follows. The initial elution with a
15-ml linear gradient consisting of 50 to 150 mM NaCl was followed by a 30-ml
isocratic wash with 150 mM NaCl, elution with a 15-ml linear gradient consisting
of 150 to 200 mM NacCl, a 30-ml isocratic wash with 200 mM NaCl, elution with
a 15-ml linear gradient consisting of 200 to 250 mM NacCl, and a 30-ml isocratic
wash with 250 mM NaCl. The flow rate was 2 ml/min, and 4-ml fractions were
collected and assayed for laccase activity. Laccase-containing fractions were
pooled and concentrated, glycerol was added to a final concentration of 20%,
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FIG. 1. (A) Enzyme production by Panaeolus sphinctrinus in soybean me-
dium. Symbols: [J, laccase (LAC) activity at pH 5; O, laccase activity at pH 7; *,
manganese peroxidase activity at pH 4.5. (B) Enzyme production by Coprinus
friesii in soybean medium. Symbols: [J, laccase activity at pH 5; A, peroxidase
activity at pH 7. rel., relative.

and the preparation was stored at —70°C. The peroxidase-containing fractions
were concentrated, and the buffer was changed before application to a DEAE-
Sepharose FF column (150 by 10 mm) equilibrated in 20 mM Tris-HCI-50 mM
NaCl (pH 7.2). The column was washed with equilibration buffer until the
absorbance at 280 nm reached the baseline level. Bound protein was eluted with
a 60-ml linear gradient consisting of 50 to 400 mM NaCl, followed by a 15-ml
linear gradient consisting of 400 mM to 1 M NaCl in equilibration buffer. The
flow rate was 1 ml/min, and 3-ml fractions were collected and assayed for
peroxidase activity. Two pools of peroxidase activity were obtained. Peroxidase I
eluted at an NaCl concentration of 125 mM, while peroxidase II eluted at an
NaCl concentration of 220 nM. Following concentration and a buffer change
both peroxidase pools were purified further by identical protocols. The peroxi-
dase pools were applied to a DEAE-Sepharose FF column (150 by 10 mm)
equilibrated in 20 mM Tris-HCI-50 mM NaCl (pH 7.2). The column was washed
with equilibration buffer until the absorbance at 280 nm reached the baseline
level. Bound protein was eluted with NaCl in equilibration buffer as follows. The
initial elution with a 75-ml linear gradient consisting of 50 to 150 mM NaCl was
followed by a 75-ml isocratic wash with 150 mM NaCl, elution with a 45-ml linear
gradient consisting of 150 to 200 mM NaCl, a 45-ml isocratic wash with 200 mM
NaCl, elution with a 30-ml linear gradient consisting of 200 to 250 mM NaCl, and
a 30-ml isocratic wash with 250 mM NaCl. The flow rate was 2 ml/min, and 5-ml
fractions were collected and assayed for peroxidase activity. Peroxidase-contain-
ing fractions were pooled and concentrated, glycerol was added to a final con-
centration of 20%, and the preparations were stored at —70°C.

Protein concentration determinations. Protein concentrations were deter-
mined by the bicinchoninic acid protein reagent assay (Pierce, Rockford, Ill.).

PAGE and IEF. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) of fractions from the purification procedures and of purified en-
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FIG. 2. SDS-PAGE of purified enzymes. (A) Manganese peroxidases from Panaeolus sphinctrinus (lane MnP) and Phanerochaete crysosporium (lane MnP std.). (B)
Peroxidases I (lane POD I) and II (lane POD II) and laccase (lane LAC) from Coprinus friesii. (C) Laccases from Panaeolus sphinctrinus (lane LAC1) and Panaeolus
papilionaceus (lane LAC2). Lanes LMW marker contained molecular weight markers.

zymes was performed as described by Sambrook et al. (36). Markers with mo-
lecular masses ranging from 14.4 to 97.4 kDa (Bio-Rad) were used as standards.
Proteins were stained with Coomassie brilliant blue R-250 (36). Isoelectric fo-
cusing (IEF) of the purified enzymes was performed with a Multiphor II system
(Pharmacia) at 4°C. Servalyt Precotes (pH 3 to 6; 300 wm; Serva, Heidelberg,
Germany) and Ampholine PAG plates (pH 3.5 to 9.5; diameter, 1 mm; Phar-
macia) were used. A standard calibration curve with different protein standards
(low pI and broad pI calibration kit; Pharmacia) was used to determine the
isoelectric points.

Determination of enzyme molecular masses. The molecular masses were de-
termined by SDS-PAGE and by gel permeation chromatography on a Superdex
75 column (see above). Protein standards (type MW-GF-200 kit; Sigma) were
used to calculate the molecular masses of the enzymes.

N-terminal sequence analysis. The N-terminal amino acid sequences of the
purified laccases and peroxidases were determined following SDS-PAGE and
electroblotting onto polyvinylidene difluoride membranes with an Applied Bio-
systems model 473A protein sequencer.

Enzyme assays and kinetics. Laccase activity was determined at pH 5.0 and 7.0
by monitoring the oxidation of ABTS at 405 nm (€495 = 36,000 M~! cm™!) as
follows (33, 46). A 100-pl sample was added to 100 pl of an ABTS solution in a
96-well microtiter plate, and the absorbance at 405 nm was determined for 5 min.
The ABTS solutions used contained 3.6 mM ABTS in either 0.2 M sodium
acetate (pH 5.0) or 0.2 M sodium phosphate (pH 7.0). Peroxidase activity was
determined at pH 7.0 by monitoring the oxidation of ABTS at 405 nm. A 100-p.l
sample was added to 100 pl of an H,O, solution in a 96-well microtiter plate. The
enzymatic reaction was started by adding 100 pl of ABTS solution, and the
absorbance at 405 nm was determined for 5 min. The H,O, solution contained
0.5 mM H,O, in 0.2 M sodium phosphate (pH 7.0), while the ABTS solution
contained 3.6 mM ABTS in 0.2 M sodium phosphate (pH 7.0). The enzyme
activities were expressed as units per milliliter, where 1 U was defined as 1 wmol
of substrate oxidized per min. The peroxidase activity was always corrected for
laccase activity. Manganese peroxidase activity and laccase activity were mea-
sured based on the oxidative dimerization of 2,6-DMP (g,50 = 49,000 M ™' cm™")
(4). To determine laccase activity, a 100-pl sample was added to 890 wl of a
solution containing 50 mM sodium malonate and 1 mM 2,6-DMP (pH 4.5) in a
1-ml cuvette. The absorbance at 469 nm was determined for 2 min. To determine
manganese peroxidase activity, a 100-pl sample was added to 873 wl of a solution
containing 50 mM sodium malonate, 0.7 mM MnSO,, and 1 mM 2,6-DMP (pH
4.5) in a 1-ml cuvette. The enzymatic reaction was initiated by adding 10 w1 of 10
mM H,0,. The absorbance at 469 nm was determined for 2 min. The enzyme
activities were expressed as units per milliliter, where 1 U was defined as 1 pmol
of substrate oxidized per min. The manganese peroxidase activity was always
corrected for laccase activity.

The temperature optima of the isolated enzymes were determined with pre-
warmed substrate by using a thermostat-equipped cuvette and a UV-visible light
spectrometer (model Lambda 16; Perkin-Elmer, Langen, Germany). For stability
determinations the enzymes were incubated in a thermostatically controlled
bath. After incubation the enzyme assays were performed at 22°C. To determine

the pH optima, enzyme assays with the substrates ABTS and 2,6-DMP were
performed at 22°C by using Britton-Robinson universal buffer. The K,,, and K;
values were calculated based on a Lineweaver-Burk plot (23).

RESULTS

Accumulation of laccase and peroxidase activities in the
medium. In an initial series of experiments it was established
that the levels of laccase activity in Panaeolus sphinctrinus,
Panaeolus papilionaceus, and Coprinus friesii cultures were
higher when the organisms were cultivated in soy meal medium
containing a surplus of nitrogen than when they were culti-
vated in the nitrogen-limited media which are normally used
for inducing production of oxidoreductases in white rot fungi
(12). As illustrated in Fig. 1A for Panaeolus sphinctrinus fer-
mentation on the medium which provided the best yield, the
laccase activity increased steadily over time after a short time
lag. The same result was obtained for Panaeolus papilionaceus
fermentation (data not shown). In addition, a manganese per-
oxidase was present in the Panaeolus sphinctrinus broth. Cop-
rinus friesii fermentation resulted in a completely different time
pattern for detection of laccase and peroxidase activities (Fig.
1B) as the activities were first detected after 170 h of fermen-
tation. The occurrence of the enzyme activities was associated
with a decrease in biomass. This could mean that the enzymes
are released through cell lysis instead of being truly extracel-
lular.

Purification of extracellular laccases and peroxidases. The
procedures used for purification of the laccases and peroxi-
dases from Panaeolus sphinctrinus, Panaeolus papilionaceus,
and Coprinus friesii were carried out as described above. Figure
2 shows the results of the SDS-PAGE of the purified enzymes.

Molecular weights and isoelectric points. The molecular
weights of the laccases from Panaeolus sphinctrinus and Pan-
aeolus papilionaceus were determined to be ca. 60,000 by gel
filtration and SDS-PAGE. The molecular weight of the laccase
isolated from Coprinus friesii was also estimated by SDS-PAGE
to be ca. 60,000, whereas peroxidases I and II were found to
have molecular weights of ca. 45,000. The manganese peroxi-
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TABLE 1. Characterization of purified laccases
. o Remaining activity .
Optimum pH with: it K; (M) for:
Source of laccase Ko f((::MA)BTS (%) at: pl Mol wt
ABTS 2,6-DMP 60°C 90°C NaN; DEDTC
Panaeolus sphinctrinus 324 3 7 0 (30)* 0(5) 12 19.9 <3.55 ~60,000
Panaeolus papilionaceus 50.6 3 8 0 (15) 0(5) 1.3 11.2 =3.6 ~60,000
Coprinus friesii 414 5 8 0(20) 0(5) NT? NT 35 ~60,000
Polyporus pinsitus 22.3 3 5 27 (60) 0(30) 1.0 26 =35 66,000

“The numbers in parentheses are incubation times (in minutes).
> NT, not tested.

dase from Panaeolus sphinctrinus was found to have a molec-
ular weight of ca. 42,000. Tables 1 and 2 show the isoelectric
points and molecular weights of the purified enzymes. All of
the laccases were characterized by acidic isoelectric points
around pH 3.5. On the basis of IEF results, as well as native
PAGE results, it was evident that the purified laccases from the
Panaeolus strains and from Coprinus friesii consist of three or
four isoenzymes.

Kinetic studies of purified laccases and peroxidases. Tables
1 and 2 summarize the results of kinetic studies of the purified
laccases. All of the laccases and peroxidases follow typical
Michaelis-Menten kinetics. Inhibition of laccase, peroxidase,
and manganese peroxidase by sodium azide was determined to
be competitive, whereas inhibition by DEDTC and EGTA was
noncompetitive (1).

N-terminal amino acid sequences. The N-terminal amino
acid sequences of the three purified laccases were found to be
identical and homologous to N-terminal amino acid sequences
of other laccases, as shown in Fig. 3. The N-terminal amino
acid sequence data for peroxidases I and II from Coprinus
friesii and for the manganese peroxidase from Panaeolus
sphinctrinus showed that the N-terminal amino group was
blocked in these enzymes. Internal peptide sequence data ob-
tained from the manganese peroxidase following proteolytic
degradation revealed, however, possible homology to the man-
ganese peroxidase from Phanerochaete chrysosporium.

DISCUSSION

For the first time two basidiomycetes belonging to the genus
Panaeolus have been described as producers of laccases and
peroxidases. As previously described, enzyme production is
highly dependent on the cultivation conditions of an organism.
Most white rot fungi, including Phanerochaete chrysosporium,
start lignin degradation when nitrogen, carbon, or sulfur be-
comes limiting (12). Peroxidase production from Arthromyces

ramosus is greatest when glucose and yeast extract or polypep-
tone are added at a ratio of 3:5 (41). The production of man-
ganese peroxidase by the white rot fungus Lentinus edodes is
suppressed by a high nitrogen concentration in the medium,
whereas under these conditions laccase production reached its
maximum level (3). However, the basidiomycetes Panaeolus
sphinctrinus, Panaeolus papilionaceus, and Coprinus friesii pro-
duced both the highest level of laccase activity and the highest
level of peroxidase-manganese peroxidase activity in soybean
medium containing a surplus of nitrogen. Similar results were
obtained by Youn et al. (48) during cultivation of Pleurotus
ostreatus in a protein-rich medium. The different effects of
nitrogen on enzyme production can be explained by the natural
substrates of the coprophilic and saprophytic fungi used.
Wood, which contains little nitrogen, is the substrate when the
ligninolytic enzymes of most white rot fungi are produced. The
coprophilic Panaeolus strains grow on nitrogen-rich dung. The
alkaline pH of this natural substrate can also explain the high
levels of laccase activity at pH values of =7.0.

All of the purified laccases are rather similar in affinity for
the substrate ABTS, as indicated by the K, values (Table 2).
The pH optima depend very much on the substrate. With
ABTS the laccases exhibit optimum activity at rather acidic pH
values (pH 3 to 5), like other fungal laccases (40). However,
with 2,6-DMP as the substrate these new fungal laccases ex-
hibit remarkably high levels of activity at pH values greater
than 7.0, and the optimum pH is 7.0 to 8.0. The laccase isoen-
zymes isolated from Ceriporiopsis subvermispora are character-
ized by an optimum pH for ABTS of 2.0 to 3.0 (9). Other
laccases with pH optima between 3.5 and 7.0 have been de-
scribed (48). All purified laccases were inhibited by sodium
azide, an inhibitor of metalloenzymes (39). The same results
were obtained for the laccase of Ceroporiopsis subvermispora,
which was inhibited by sodium azide and chelators such as

TABLE 2. Characterization of purified manganese peroxidases and peroxidases

: Saturation ~ Optimum Optimum pH Remaining : .
Species Enzyme(s) Ko (M) for: Mn?"* concn Hzgz concn with: activity (%) at: Ko (wND for pl Mol wt
ABTS 2,6DMP  (#M) (M) ABTS 26DMP  60°C  90°C  NaN; EGTA
Panaceolus Manganese NT* 117 100 50 4 5 0(60)> NT 1.3 188 72 ~42,000
sphinctrinus peroxidase
Phanerochaete  Manganese NT 8.2 >50 50 4 4 0(60) NT 1.1 178 39,41 46,000
chrysosporium peroxidase
Coprinus friesii ~ Peroxidase I ~ 344.8  NT 100 6 10 8(60) 0(10) 21.8 0.6 3.6 ~45,000
Peroxidase I 714  NT 250 5 7 12 (60) 0(10) 7.5 05 3.6 ~45,000
Coprinus Peroxidase 526  NT 2,000 6 9 18 (60) 0(45) 72.2 1.1 =35 39,000
cinereus

“NT, not tested.
® The numbers in parentheses are incubation times (in minutes).
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FIG. 3. Comparison of the N-terminal amino acid sequences of the purified laccases from Panaeolus sphinctrinus, Panaeolus papilionaceus, and Coprinus friesii with
the laccase sequences of Polyporus pinsitus (47), Coriolus hirsutus (21), Phlebia radiata (35), Pleurotus ostreatus (32), Ceriporiopsis subvermispora (34), and Rhizoctonia

solani (44).

thioglycol acid and DEDTC, whereas hydroxylamine and
EDTA had no inhibitory effect (9).

The molecular weights of the purified laccases (ca. 60,000)
are very similar to the molecular weights of most other fungal
laccases, which have been found to be between 60,000 and
390,000 (40). Native PAGE (15) and IEF revealed that acid
laccase isoforms were produced by the strains described in this
study. The white rot fungi Coriolus versicolor (29) and Panus
tigrinus (25) are also known producers of laccase isoforms. The
N-terminal amino acid sequences of the purified laccases are
clearly homologous to previously determined N-terminal
amino acid sequences of fungal laccases, having between 35
and 65% identical residues.

The peroxidases isolated differ in affinity for ABTS. Com-
pared to the peroxidase from Coprinus cinereus, peroxidases I
and II from Coprinus friesii are much more sensitive to H,O.,.
The inhibition of peroxidase by sodium azide was determined
to be competitive, and the inhibition of peroxidase by the iron
chelator EGTA was determined to be noncompetitive. This
observation was in contrast to the findings of De Pillis and
Ortiz de Montellano (5), who discussed the inhibition of the
peroxidase of Coprinus macrorhizus by sodium azide, which
results in a mesoazidoheme.

The molecular weights and the plI values of peroxidases I
and II are in the same ranges as the molecular weight and the
pl of the Coprinus cinereus peroxidase (28). The N-terminal
amino groups of the Coprinus friesii peroxidases were both
inaccessible to sequencing, probably because of cyclization of a
Gln residue, as found in the Coprinus cinereus peroxidase.

The manganese peroxidase isolated from Panaeolus sphinc-
trinus is similar to the previously described manganese perox-
idase from Phanerochaete chrysosporium (10), except that the
isoelectric point of the Panaeolus sphinctrinus enzyme (pl 7.2)
is higher. Manganese peroxidase isoenzymes (pI 3.2 and 2.9)
isolated from Coriolus versicolor have the greatest activity at
low pH values (19). Six isoforms of manganese peroxidase and
21 isoenzymes of lignin peroxidase were detected in the culture
broth of Phanerochaete chrysosporium (8). Ceriporiopsis subver-
mispora produces 11 manganese peroxidase isoenzymes with
pI values between 3.2 and 4.58 (45) and three laccase isoen-
zymes with plI values of 3.71, 3.65, and 3.6 (35). The molecular
size of the purified manganese peroxidase is similar to the
molecular size of the manganese peroxidase from Phanero-
chaete chrysosporium (10). Urzia et al. (43) isolated manga-
nese peroxidase isoenzymes with a molecular weight of 52,500
from Ceriporiopsis subvermispora. Stationary cultures of the

same fungus produced isoenzymes having a molecular weight
of 62,500 (24). The N-terminal amino group of the manganese
peroxidase was blocked, but an internal peptide sequence sug-
gested that there was a relationship to the manganese perox-
idase from Phanerochaete chrysosporium.
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